State transition is a short-term balance mechanism of energy distribution between photosystem II (PSII) and PSI. Although light-induced state transition in cyanobacteria has been suggested to depend completely on the phycobilisome (PBS) movement between PSII and PSI, the biochemical evidence has not been clearly shown. In this study, we locked the association of PBS with PSII or PSI using glycinebetaine when cells attain State 1 or 2 by exposure to light of blue or green, respectively. Subsequently, the PBS-reaction centers were resolved by blue native polyacrylamide gel electrophoresis and two-dimensional electrophoresis, and then identified by western blot analysis. The results showed that in wild-type (WT) Synechocystis sp. strain PCC 6803, the PBS core always co-migrates with the PSII dimer during light-induced State 1 -State 2 transition, but its rod leaves the PSII dimer in State 2 regardless of its co-migration in State 1. In the light-induced State 2, the co-migration of PBS rod with PSI trimer was observed in WT, but not in DndhB (M55), a State-2-transition-deficient mutant. This study first provided the biochemical evidence for the association of PBS with photosystems during cyanobacterial state transition.
Introduction
The efficiency of photosynthetic oxygen evolution in organisms depends on a balanced distribution of the excitation energy absorbed by light-harvesting proteins to the proteins of photosystem II (PSII) and PSI [1] [2] [3] . To adapt to fluctuating environmental conditions, the photosynthetic machinery regulates the distribution of the excitation energy between these two photosystems. This process of rapid and dynamic energy balance is called state transition [4, 5] . Since neither the spectral quality nor the intensity of light is constant in the natural environment, state transition is not simply a physiological phenomenon, but it is also an effective strategy for optimizing the efficiency of light-energy utilization by photosynthetic organisms.
In cyanobacteria, two major models, 'energy spillover' and 'mobile phycobilisome (PBS)', have been proposed to explain how state transition regulates the redistribution of excitation energy between these two photosystems. The 'energy spillover' model assumes a closer approximation of PSII and PSI based on the energy exchange between the two photosystems [5] , while the 'mobile PBS' model suggests that a physical movement of PBS on the thylakoid membrane transfers energy from PBS directly to PSI and PSII [6] [7] [8] [9] [10] [11] . Moreover, spectral measurements suggested that light-induced state transition was regulated completely by 'mobile PBS' [12] . However, the biochemical evidence of association of PBS with PSII or PSI has not been reported because of the difficulty in isolating the PBS-PSII or PBS-PSI supercomplex.
Recently, we developed a new SGB buffer by adding glycinebetaine (GB) and sucrose (Suc) to the conventional SPC buffer and successfully separated the PBS-PSII supercomplex [13] . In this study, we first locked the association of PBS with PSII or PSI using GB when cells attained State 1 or 2 by exposure to blue light (BL) or green light (GL), respectively. Subsequently, the PBS-photosystem supercomplexes were separated by blue native polyacrylamide gel electrophoresis (BN-PAGE) with the help of SGB buffer and identified by western blot analysis. Our results first provided biochemical evidence for the change of association of PBS with photosystems during cyanobacterial State 1-State 2 transition.
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Materials and Methods

Culture conditions
Synechocystis 6803 strain (WT) and its mutant DndhB (M55) [14] were cultured at 308C in BG-11 medium [15] ; Ditric optics 530-nm long-pass and 560-nm short-pass filter) for 5 min. Subsequently, the cells were treated with GB (1 M) under the same BL or GL illumination for 20 min to immobilize and associate PBS to the stromal surface of the thylakoid membrane in States 1 and 2, respectively.
77-K Chlorophyll fluorescence
State transitions of intact Synechocystis 6803 cells of WT and M55 were induced by light, and PBS in States 1 and 2 was immobilized by GB, as described above. Subsequently, the treated samples were rapidly frozen in liquid nitrogen. Fluorescence emission spectra were obtained at 77K using a F4500 spectrofluorimeter (Hitachi, Tokyo, Japan) with an excitation wavelength of 580 nm. State 1-State 2 transition was evaluated by comparing these 77-K fluorescence emission spectra. The fluorescence spectrum was obtained by averaging six scans for each sample in different tubes.
Isolation of PBS-thylakoid membrane by centrifugation
The PBS-thylakoid membrane of Synechocystis 6803 cells was isolated according to the previously reported methods [22] with slight modifications. Briefly, the cells containing the immobilized PBS in States 1 and 2 were harvested by centrifugation (5000 g for 5 min at 48C), washed twice with the newly prepared SGB buffer [13] , and then resuspended in the same buffer. Subsequently, the cells were disrupted by 10 Â 10-s pulses with a Bead-beater (Biospec, Kyoto, Japan), followed by a 5-min incubation on ice. The homogenate was centrifuged at 3000 g for 5 min at 48C to remove unbroken cells and debris. The supernatant was further centrifuged at 18,000 g for 1 h at 48C. The pellet containing the PBS-thylakoid membrane was collected. The PBS-thylakoid membrane was immediately subject to electrophoresis or stored at 2208C.
Separation of the PBS -photosystem supercomplexes by BN-PAGE
The PBS-photosystem supercomplexes were separated by BN-PAGE as described previously [23] with slight modifications [24, 25] . Briefly, these isolated PBS-thylakoid membrane supercomplexes were washed with 50 mM BisTris, pH 7.0, containing 330 mM sorbitol and 0.5 mM PMSF (Sigma, St Louis, USA), and resuspended in 25 mM Bis-Tris, pH 7.0, containing 10 mM MgCl 2 , 0.1 units RNase-Free DNase RQ1 (Promega, Madison, USA), 0.3 mg/ ml Chl a and 0.5 mM PMSF. The samples were incubated on ice for 10 min, and an equal volume of 3% n-dodecylb-D-maltoside (DM) was added. Solubilization was performed for 20 min on ice. Insoluble materials were removed by centrifugation at 18,000 g for 15 min. The supernatant was mixed with 1/10 volume of sample buffer, 100 mM Bis-Tris, pH 7.0, containing 5% Serva blue G, 30% sucrose (w/v), 500 mM 1-amino-n-caproic acid, and 10 mM EDTA. The mixture was then applied to a 0.75-mm-thick, 5 to 12.5% acrylamide gradient gel (Hoefer Mighty Small mini-vertical unit; San Francisco, USA). Samples were loaded on an equal Chl a basis of 6 mg per lane. Electrophoresis was performed at 48C by increasing the voltage gradually from 50 to 200 V during the 5.5-h run.
For electrophoresis in the second dimension, a lane of the BN gel was cut out and incubated in Laemmli SDS sample buffer containing 5% b-mercaptoethanol and 6 M urea for 1 h at 258C. The lane was then laid onto a 1-mm-thick 14% Sodium dodecyl sulphate -polyacrylamide gel electrophoresis (SDS-PAGE) gel with 6 M urea. After electrophoresis, the proteins were visualized by silver staining.
Identification of PBS -photosystem supercomplexes by immunoblotting
For immunoblotting, the proteins were electrotransferred to a polyvinylidene difluoride (PVDF) membrane (Immobilon-P; Millipore, Bedford, USA) and detected by protein-specific antibodies using an ECL assay kit (Amersham Pharmacia, San Francisco, USA) according to the manufacturer's protocol. Antibodies against the rod (C-phycocyanin a; C-PC) and core (allophycocyanin a; APC) subunits of the Synechocystis 6803 PBS were prepared in our own laboratory (see below). PSII and PSI were detected using the antibodies against PsbD and PsaB (Agrisera Co., Vännäs, Sweden), respectively.
Polyclonal antibody preparation
To amplify cpcA and apcA genes, primer sequences are shown in Supplementary Table S1 . The polymerase chain Biochemical evidence of phycobilisome mobility reaction products were ligated into a vector, pET32a, and the construct was amplified in Escherichia coli DH-5a. The plasmid was used to transform E. coli strain BL21 (DE3) pLysS for protein expression. The expression products from E. coli were purified and used as antigens to immunize rabbits to produce polyclonal antibodies.
Results
Identification of multiple forms of PSII and PSI complexes in Synechocystis 6803 Membrane protein complexes from Synechocystis 6803 cells that were grown under high CO 2 were separated by BN-PAGE (Fig. 1) . To identify various forms of the PSII and PSI complexes, the proteins from BN gel lanes were separated in a second dimension by denaturing SDS -PAGE, and the separated protein spots were analyzed by western blot analysis. Results shown in Fig. 1 indicated that PSII complexes were resolved as dimers and monomers, while PSI complexes were observed in trimeric, dimeric, and monomeric forms, as deduced by protein immunoblotting for the PsbD and PsaB subunits and the molecular masses of the complexes.
In cyanobacteria, the functional form of PSII is a dimer, and the functional form of PSI is a trimer or a monomer. The other forms of PSII and PSI are non-functional or unstable [7, 26] . In addition, the PSI monomer functions in redoxinduced but not in light-induced State 1-State 2 transition [27] . In this study, therefore, we investigated the changes of association of PBS rod and core with the PSII dimer and PSI trimer caused by light-induced State 1-State 2 transition using a biochemical strategy in a unicellular cyanobacterium Synechocystis 6803.
Change in the association of PBS with PSII and PSI caused by light-induced state transition in Synechocystis 6803
To test the change in the association of PBS with PSII and PSI caused by light-induced State 1-State 2 transition Above: BN-PAGE in the first dimension was used to electrophoretically separate various photosystem complexes, denoted above the gel lane. These complexes were separated into their respective subunits by subjecting a BN gel lane to denaturing SDS-PAGE (middle, silver stained SDS -PAGE). Below: after SDS -PAGE, the proteins were electroblotted onto a PVDF membrane and blotted with anti-PsbD and anti-PsaB antibodies. Biochemical evidence of phycobilisome mobility at biochemical level, several methods were used. First, a typical light-induced state transition of WT Synechocystis 6803 was performed as shown in Fig. 2A Then we analyzed the change in the association of PBS with PSII and PSI during light-induced State 1-State 2 transition using BN-PAGE, two-dimensional electrophoresis, and western blotting. The PBS in State 1 or 2 was immobilized by GB, and the PBS-PSII and PBS-PSI supercomplexes of States 1 and 2 were separated by BN-PAGE, respectively. After the PBS-PSII dimer and PBS-PSI trimer supercomplexes were excised from the BN gels, they were separated in a second dimension by denaturing SDS-PAGE and analyzed by immunoblotting for the core and rod of PBS. Our results indicated that the PBS rod co-migrates with the PSII dimer in State 1 and also with the PSI trimer in State 2, but the PBS core always co-migrates with the PSII dimer during light-induced State 1-State 2 transition (Fig. 3A,B) . Therefore, we may conclude that in lightinduced State 2, only the rod but not the core of PBS moves to the PSI complex, as suggested by the results of spectral measurements [12] .
To consolidate the conclusion, the experiments below, similar to those performed in the WT, were made in a light-induced State-2-transition-defective mutant M55 (Fig. 2C,D) . Results shown in Fig. 3C ,D indicated that the rod and core of PBS always co-migrate with the PSII dimer regardless of inducement of cells by BL or GL. It clearly demonstrates that the interaction between PBS rod and PSI trimer was the result of light inducement of cells to State 2. Subsequently, the PBS-PSII dimer and PBS-PSI trimer supercomplexes were cut out of the BN gels and separated in a second dimension by denaturing SDS-PAGE. Finally, the protein spots were analyzed by immunoblotting using antibodies against PBS, PSII, and PSI.
Biochemical evidence of phycobilisome mobility Discussion PBS is the major light-harvesting antennae in cyanobacteria and red algae and its movement regulates the redistribution of excitation energy between PSII and PSI. Under fluctuant light conditions, the movement of PBS is essential for state transition [12, 18, 28] , which optimizes the light-energy utilization in photosynthesis. However, the biochemical evidence of PBS movement between PSII and PSI is absent. Here, western blot analyses reveal that the PBS core always couples with PSII and never with the PSI during lightinduced State 1-State 2 transition, but its rod can interact with the PSI in State 2 regardless of its interaction with PSII in State 1 (Fig. 3) . This is the first biochemical insight into the interaction between PBS and the reaction centers during cyanobacterial State 1-State 2 transition.
Recently, we developed a new buffer named SGB buffer by adding GB and sucrose to the conventional SPC buffer [13] . By using this buffer, we isolated the PBS-PSII supercomplex with a relatively high efficiency of energy transfer from PBS to the PSII reaction centers [13] . Here, by using this buffer, we further identified the co-migration of PBS rod with the PSI trimer in WT but not in M55 upon exposure of cells to GL for 5 min (Figs. 2 and 3) . M55 was found to be a State-2-transition-deficient mutant based on the results obtained in the present study (Fig. 2) and from previous knowledge [29] . Therefore, the rod of PBS associates with the PSI trimer in light-induced State 2, although we did not know how the newly developed SGB buffer fixed PBS rod to the PSI trimer and the majority of PBS rod were disassociated from the PSI trimer during electrophoresis.
A recent study reported the isolation of a protein megacomplex that contains PBS, PSII, and PSI from Synechocystis 6803 by using a chemical cross-linking strategy [30] . However, we did not detect this megacomplex in our BN-PAGE gel possibly because of the disassociation of the majority of PBS-reaction center interaction caused by the DM treatment. This suggests that the remaining interactions represent only a tiny fraction of total interactions of PBS with the reaction center in vivo. Furthermore, treatment with the detergent may also destabilize the intact PBS (see the bottom of BN-PAGE gel in Fig. 3) . In this study, therefore, the components (core and rod) of PBS that associate with PSII dimer or PSI trimer may represent only a few fragments of the PBS.
Mullineaux [31] suggested that there are at least two possible routes of energy transfer from PBS to the PSI reaction center during light-induced state transition. One is the direct association of the PBS core with PSI and the other is the interaction of the PBS rod with PSI. Our results do not support the first one because the PBS core always co-migrates with PSII dimer (Figs. 2 and 3) , but support the second one, as schematically represented in Fig. 4 . This model will help to understand the biochemical findings obtained in this study and the energy transfer pathway from PBS to the PSI during cyanobacterial light-induced State 1-State 2 transition.
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